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Abstract: Conformational changes of proteins are widely used in nature for controlling cellular functions,
including ligand binding, oligomerization, and catalysis. Despite the fact that different proteins and artificial
peptides have been utilized as electron-transfer mediators in electronic devices, the unique propensity of
proteins to switch between different conformations has not been used as a mechanism to control device
properties and performance. Toward this aim, we have designed and prepared new dimeric coiled-coil
proteins that adopt different conformations due to parallel or antiparallel relative orientations of their
monomers. We show here that controlling the conformation of these proteins attached as monolayers to
gold, which dictates the direction and magnitude of the molecular dipole relative to the surface, results in
guantitative modulation of the gold work function. Furthermore, charge transport through the proteins as
molecular bridges is controlled by the different protein conformations, producing either rectifying or ohmic-

like behavior.

Introduction

The unique primary sequences of proteins dictate their
secondary and tertiary structures that give rise to their specific
activities.r Understanding the parameters that govern protein
folding and protein—protein interactions makes it possible to
design artificial peptides and proteins with excellent control over
their secondary structures and in some cases also over super-
secondary and tertiary structures. Protein motions, and specif-
icaly major conformational changes, complement the static
three-dimensional structures of proteins and allow them to bind
ligands, form oligomers, aggregate, and perform mechanical
work and catalytic activity. The ability to control conformational
changes may thus enable quantitative manipulation of artificial
protein functions, but this challenge is rarely met.>~* As part
of our program to incorporate functional peptide and protein
scaffoldsinto electronic devices,> ** we test here the possibility
to control the surface electronic properties of conducting
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materials and the performance of molecular devices using de
novo designed coiled-coil proteins that adopt significantly
different conformations.

a-Helical coiled-coil structures are found in about 5% of all
native proteins, where they serve as oligomerization domains
affecting the quaternary structures and association dynamics.
Dueto their high regularity and relative simplicity, they appear
to be primary candidates for the design of functional molec-
ules. > 2° Thus, artificial coiled-coil systems have been con-
structed during the past few years, and their solvent-exposed
surfaces, and in some cases also the buried hydrophobic cores,
were exploited for different purposes in solution, such as
catalysis, sensing, binding to protein recognition domains, and
energy and electron transfer. Furthermore, the design of coiled-
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coil proteins that can undergo conformational changes in
solution was exploited in order to achieve dynamic control over
their functionality.>>®2'~23 Examples include the design of
conformational switches affecting DNA binding properties and
dimer to trimer equilibrations that resulted in changesin catalytic
behavior.

Redox active proteins and protein domains from the natural
photosystems were previously explored as electron-transfer
mediators in molecular junctions.?*~2 Several synthetic systems
that comprise o-helical peptides,®®3* amyloids,*® and peptide
nanotubes®® were utilized in acomplementary approach, in order
to study the relations between structural parameters and charge-
transfer characteristics. It was shown that the intrinsic molecul ar
dipole of a-helical systems affects the work function of gold,
which can thus be modulated by the relative orientation and
length of the peptide.**3® When the mechanisms of charge
transfer through such helical peptides in molecular junctions
were studied, it was suggested that the internal dipole of the
molecules induces rectifying behavior of the current—voltage
curve.*037:38 y/oltage-induced switching of molecular junction
conductance was demonstrated recently using helical peptides
and explained by a small conformational change, from a-helix
to 340 helix, following the interaction of the applied electric field
with the large dipole moment of the helix.*® However, the
tendency of proteins to switch between significantly different
conformations, which as mentioned above is a principle tool
for controlling their functionality in nature, has been generally
overlooked. In this work, we describe the utilization of different
conformations of de novo designed heterodimeric coiled-coil
proteins as means to control their functions in molecular
electronic applications. Toward this aim, we show that proteins
that are very similar in primary sequence but adopt different
conformations due to parallel or antiparallel relative orientation
of their monomers can be utilized to manipulate incrementally
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Parallel Anti-parallel

b)

PCe: Ac-CiAcm)EIAALEWEIAALEKEIAALEKGGC-NH,
PC PCk: Ac-Ciaem)KIAALKWKIAALKEKIAALKEGGC-NH,

PNe: Ac-CGGEIAALEWEIAALEKEIAALEKC(Acm)-NH;
PNk:  Ac-CGGKIAALKWHKIAALKEKIAALKEC(Acm)-NH,

APe:  Ac-CGGEIAALEKEIAALEWKIAALKKC Acm)-NH;
AP APy  Ac-Cacm)EEIAALEWKIAALKEKIAALKGGC-NH,

Figure 1. (a) Helica wheel presentations of parallel and antiparallel coiled-
coil structures, showing the seven amino acid repeats. The lle-Leu
hydrophobic coreis highlighted in green, and the Lys-Glu charge matching
between e and g positions that flank the hydrophobic core on the opposing
helices is shown in blue and red. Predefined mutations at the e and g
positions facilitated the formation of the non-native antiparallel structure.
(b) Primary sequences of peptides that compose the paralel (PC), with
free Cysthiols at the C-terminal, (PN), with free Cysthiols at the N-terminal,
and antiparallel (AP) coiled coils. PN, which is composed of the same
monomer sequences of PC that form a parallel structure, is expected to be
oriented in an opposite direction relative to PC, namely with the N-termini
thiols attached to gold (see explanation in the text). The subscript E denotes
glutamic acid rich peptides and the subscript K the opposing lysine rich
peptides.

the work function of conductive surfaces and furthermore to
affect charge-transfer processes in molecular junction con-
figurations.

Results and Discussion

Design, Synthesis, And Solution Characterizations of the
Coiled Coils. We have designed, synthesized, and characterized
the structure and function of parallel and antiparallel het-
erodimeric a-helical coiled-coil proteins shown in Figure 1. In
this system, the different protein conformations are expected
to affect differently the properties of gold surfaces and the
performance of the proteins in molecular junction configuration
due to changesin the monomers' relative orientation with respect
to each other, which implies a significantly different net
molecular dipole of the dimeric structures. A substantial dipole
going from the C- to N-terminus is present in the parallel
structure, while the antiparallel structure possesses a much
smaller dipole because the dipole of one monomer is canceled
out by the other upon dimerization. The design of the three
protein analogues was based on the principles that guided the
formation of the “Velcro” coiled coils, which provide optimal
charge matching between the interfaces of one helix and the
other.*4%% Since short molecules are expected to be more
efficient bridges in molecular junctions, the actual sequences
were based on a shorter “Velcro” motif that is made of 21 amino
acid peptides, which form helical structures ~4.5 nm in length
along the main axis,*? similar in size to other proteins studied
as bridges in molecular junctions.?*284® Peptide sequences that
follow closely the original “Velcro” structure were used, and
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their dimers were expected to form a parallel structure. The
peptides were additionally equipped with cysteine residues as
gold anchoring units on both ends, with a Cys thiol on one end
of each peptide blocked by an Acm group to enable self-
assembly of the coiled-coil proteins in a predefined unidirec-
tional manner with the molecular dipole pointing out (PC) or
into (PN) the surface. It is well established that the folding,
partner specificity, and oligomerization state of coiled coils are
all influenced by interactions that occur among the a, d, e, and
g heptad positions of opposing helices (Figure 1a).192044-46
Thus, the design of AP to form the antiparallel structure was
achieved by mutating amino acids a the charged e and g
positions of the parallel structure forming peptides. These
changes excluded the formation of paralel structures via
negative design, calculated to be in the order of 5 kcal/mol,*”
while gaining perfect charge matching in the antiparallel
conformation (Figure 1a).

All monomeric peptides were synthesized by solid-phase
Fmoc-based synthesis, purified by preparative high-performance
liquid chromatography (HPL C), and their molecular weight and
purity were characterized by mass spectraand anaytical HPLC.
It should be noted that apart from mutations at specific eand g
positions as described above, the proteins are practically identical
in sequence, a fact that is also reflected by their identical
molecular weights (2775 g/moal). The heterodimeric coiled-cail
assemblies were formed by equilibrating equimolar solutions
of the respective monomers in phosphate buffer at pH = 7.2,
in oxidizing environment (air) for at least 30 min. Formation
of unique disulfide dimeric structures was monitored by HPLC
(Figure 2a,b) and circular dichroism (CD) of 200—500 uM
peptide solutions (Figure 2¢). For example, a principle single
peak at 11.7 min is observed in the HPLC chromatogram of
the preformed AP dimer, alowing us to infer that most of the
monomers assembled into a single coiled-coil structure in the
designed orientation to allow disulfide formation (Figure 2a).
The addition of a reducing agent (TCEP) to the coiled-coil
solution, and consequently disassembly of the disulfide bonds,
resulted in the appearance of two peaks in the HPLC chro-
matogram, at retention times suited for solutions of each of the
isolated monomers (Figure 2b). The same procedure has been
performed to follow heterodimer formation for PC complexes.
The CD spectraof all peptides showed molar ellipticity minima
at ~208 and 222 nm (Figure 2c). Comparison of the relative
intensities of these two minima obtained for solution of the
monomers and their corresponding mixtures shows that much
deeper minima at ~222 nm were obtained for the mixtures,
revealing the clear signature of coiled-coil assembly formation.*
CD measurements of AP under reducing conditions (gray trace)
also showed the expected spectrum for coiled-coil structure
albeit with somewhat lower molar ellipticity, reflecting the fact
that the disulfide bonds provide additiona structure stabilization.

Effects of Coiled-Coil Conformations on the Electronic
Surface Properties of Gold. In order to study the effects of the
new proteins on surface electronic properties, and their perfor-
mance as molecular bridges, the proteins were self-assembled
by immersing freshly prepared gold surfaces in 500 uM
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Figure 2. Analysisof coiled-coil dimer formation. (a) HPLC trace obtained
after mixing equimolar amounts (500 «M) of the AP forming monomers
in ambient atmosphere for 30 min (I = minor impurity, tentatively assigned
as the AP, dimer). (b) HPLC trace obtained after rereducing the pure AP
dimer to its monomers, using the reducing agent tris(2-carboxyethyl)phos-
phine hydrochloride (TCEP) for 30 min. Similar results were obtained for
dimerization of PC from PCg and PCy (data not shown). (c) CD spectra
obtained for 500 uM solutions of PC (red), PN (blue), and AP (green) in
phosphate buffer at pH 7.2. The CD spectra obtained for solution of each
of the AP forming monomers (APg and APy) are shown for comparison
(light green). The deeper minima at ~222 nm obtained for the dimersis a
clear signature of the coiled-coil formation. CD measurements of AP under
reducing conditions (TCEP) are shown in gray.

solutions of preformed coiled coilsin phosphate buffer overnight
(Figure 3d). The surface coverage due to adsorption of PC, AP,
and PN was estimated from quantitative HPLC measurements
of samples obtained by removal of the entire layer using excess
amounts of small-molecule thiol (5-mercapto ethanol). The
calculated area per molecule for each of the proteins was found
to be about 200 A? (Figure 3a), correlating well with the
previously reported diameter of monomeric a-helix structures
(0.9—1.5 nm),* thus reflecting high surface coverage for all
cases. Ellipsometry measurements indicated the formation of
~4 nm thick layers for the different structures (Figure 3a). In
addition, topography imaging by atomic force microscopy
(AFM) of sguares “shaved” in these monolayers indicated actual
thicknesses of 3.8 + 0.2 nm. By taking into account complete
coverage, these measurements suggest the formation of mono-
layerstilted with an angle of 25—30° with respect to the surface
normal. The ability to retain the coiled-coil structures even after
adsorption on the gold surfaces was inferred by measuring the
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Figure 3. Characterization of protein—gold hybrid structures. (a) Illustration
of the parallel and antiparallel coiled coils adsorbed onto gold surfaces.
Red is used for glutamic acid rich peptides and blue for lysine rich peptides.
PN-Au is the hybrid structure obtained after adsorbing a monolayer of a
parallel coiled-coil protein with the N-termini thiols attached to the gold
(see text). The illustrative arrowheads mark the monomeric molecular
dipoles, emphasizing that net molecular dipoles of opposite directions
relative to the gold surface are present in the parallel dimeric structures
(PC vs PN), while anegligible dipole is present in the anti parallel structure,
AP. Monolayer thicknesses measured by ellipsometry, and surface coverage,
shown as area per molecule (evaluated by removal of the layers using
-mercapto ethanol), are shown below each of the hybrid structures. (b)
CD spectra of PC (red) and AP (green) adsorbed onto 5 nm gold colloids
(0.2 uM) in phosphate buffer at pH 7.2. Each gold colloid was covered by
approximately 80 protein molecules; thus, the measurements correspond
to aconcentration of ~13 uM proteins. The similarity to the spectra obtained
for the coiled coils in solution (Figure 2c) provided evidence for retaining
the coiled-coil structure during and after the adsorption process.

CD spectra of PC and AP proteins assembled on 5 nm gold
colloids. The appearance of the characteristic minima at 208
and 222 nm (Figure 3b) supported the preservation of the
supersecondary structure.

As aresult of the significantly different orientations of the
peptide monomers with respect to each other in the parallel and
antiparallel proteins, alarge difference in the molecular dipole
is obtained (Figures 3a and 4). This difference can be used to
modulate the surface work function of gold to which a
monolayer of the protein is attached, which in turn would affect
the electronic behavior of a device containing such an inter-
face.*® By measuring the contact potential difference (CPD) of
the gold-monolayer hybrids with respect to a gold reference
electrode using the Kelvin probe arrangement (Figure 4), we
have found that the gold substrate work function is heavily
influenced by the conformation of the coiled-coil structure. The
—350 mV CPD measured for PC-Au, in which PC is attached
to gold surface through the C-termini of the peptide monomers,
correlates well with the molecular dipole direction pointing away

(49) Vilan, A.; Shanzer, A.; Cahen, D. Nature 2000, 404, 166-168.
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Figure 4. CPD of the coiled-coil gold hybrids. The estimated molecular
dipole of each structure is shown in parentheses, calculated using €/2 charge
for each peptide monomer dipole. The dipole is designated positive when
pointing toward the surface. A linear dependence is obtained between the
molecular dipole and the CPD of the different molecules. The CPD induced
by RS, areference Cys-Gly-Gly-dodecane thiol molecule, shows the effect
of the gold—thiol bond.

from the surface as indicated in Figure 3a, thus decreasing the
sample work function. The magnitude of the signal is similar
to the one obtained with monolayers of helical peptides having
a similar number of amino acids,* suggesting that similar
depolarization effects occur in both systems despite the close
proximity of the two helices in the coiled-coil structure. In
addition to exploiting the orientation and length of the a-helix
peptides to control the work function of gold,*® the utility of
coiled-cail structures enabled increasing the CPD by 130 mV
by changing the protein conformation from parallel (PC-Au)
to antiparallel (AP-Au). Due to the absence of protein-induced
surface dipole in AP-Au, the work function increases toward
the reference gold electrode work function. The overall CPD
of about —200 mV with respect to the gold reference electrode
that was observed for AP-Au is due to the polar nature of the
gold—thiol bond.*® This was supported by measuring the CPD
of gold surfaces covered with monolayer of RS, a reference
molecule that consists of a dodecane akyl chain attached to
the short Cys-Gly-Gly tail of the peptide monomers. The CPD
value of RS-Au and AP-Au were found to be identical within
experimental errors (Figure 4). To further test if the CPD change
can be linearly correlated with changes in the molecular dipole,
we have measured the CPD of PN-Au, the hybrid structure
obtained after adsorbing a monolayer of paralel coiled-coil
structures on gold with the molecules oriented in an opposite
direction relative to PC, namely with the N-termini thiols
attached to the gold. As anticipated, the highest CPD value was
obtained for PN-Au, since the molecular dipole pointing into
the surface, inducing an increase in work function. Indeed, we
observed a very similar increase in CPD (142 mV) from AP-
Au to PN-Au as from PC-Au to AP-Au. Thislinear dependence
suggests a direct influence of the coiled-coil net dipole on the
gold work function (Figure 4).

We have further combined the ability to modulate the gold
surfaces work function by the coiled-coil proteins with a
microcontact printing («CP) technique in order to achieve lateral
control of the work function. We have formed line patterns, 5
um wide with 10 um period, of each of the proteins on gold
surfaces. Kelvin probe force microscopy (KPFM) measurements
were used to monitor the lateral variations in the CPD with
high resolution (Figure 5a—c). The differences in work function
between protein-covered and exposed gold stripes for the three
studied cases were compared (Figure 5d) and correlated well
with the trend observed for the effects of the proteins on the
CPD in the large-scale measurements (Figure 4). In al cases,
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Figure 5. Latera control of gold surface work function obtained by «CP of coiled-coil proteins. 40 x 40 um? CPD images of patterns of PC (panel a), AP
(b), and PN (c) on gold obtained by Kelvin probe force microscopy (z scale = 80 mV). The bright regions of the pattern, which are the bare gold areas
(confirmed by the corresponding topography images), were calibrated to zero. The patterns were prepared by pressing (10 s) against the surface a PDMS
stamp (prepared from 10 um period; 5 um pitch stripe mold) on which the coiled-coil structures were deposited. Line scans along the lines depicted on the
images in green are shown in (d) and confirm qualitatively the same trend in work function differences between bare and protein-covered gold as observed

in large area CPD measurements (Figure 4).

e/
> ?

® .
LT

Figure 6. Characterization of molecular net formed by sequential patterning
of PC and AP proteins on gold. Topography (a) and CPD (b) images of
samples obtained by perpendicular ©CP process of stripes, using the
preformed PC and AP as inks in the first and second layer, respectively.
The directions of PC and AP line patterns are marked by red and green
arrows, respectively. The tail of both arrows is placed on a square area on
which both proteins were printed. The rectangles separating such mixed
areas are covered with AP, along the green arrow direction, and PC, along
the red arrow direction. The lower topography regions (one such square is
marked in (a) are uncovered bare gold areas. z scales are 12 nm for the
topography (a) and 86 mV for the CPD (b).

lower CPD values were obtained for protein-covered surfaces
relative to bare gold, and the (absolute) magnitude of the CPD
valueswas in the order Pc-Au > AP-Au > PN-Au. The smaller
work function differences observed in the KPFM measurements
can be explained by the formation of less dense and less oriented
layers during the uCP process, which can be due to the
hydrophaobic nature of the PDM S stamp and/or the shorter time
used for the assembly process. Overall, these results indicate
that the coiled-coil structure is retained through the 4 CP process
with probably only minute unfolding effects.

Further flexibility in surface potential manipulation was
achieved by the formation of square patterns via cross patterning
of lines made of PC and AP (Figure 6). Four types of distinctive
square and rectangular areas were obtained with different
average height (Figure 6a) and CPD (Figure 6b). The highest
CPD signals were observed for regions with lower height,
corresponding to bare gold. The regions covered with either
PC or AP could be easily distinguished, according to their
different CPD signals. Interestingly, in areas covered with both
proteins, the CPD values were similar to those obtained for areas
covered with only PC, probably due to the smaller contribution
of AP to the CPD.

Coiled Coils with Various Conformations As Molecular
Bridges. In previous studies it was suggested that the interna
dipole of a-helical peptides induces a rectifying behavior in
charge transfer through molecular junctions.>="* The effects
of the protein conformations on electron transport through
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Figure 7. 1—V curves of coiled-coil monolayers: (a) schematic illustration
of the experimental setup; (b) |-V curves of PC (red), PN (blue), and AP
(green). The curves correspond to average current values over tens of
measurements, with applied forces of 30—40 nN. Rectification ratios
(defined in the text) were found to be 0.27, 1.2 and 1.7 for PC, AP, and
PN, respectively. An average |-V curve for RSisshownintheinset (R=
1). The overall smaller current obtained for RS is due to the smaller forces
(less than 10 nN) used in obtaining this data.

molecular junctions were studied by recording the current—voltage
relations using the gold surface as one electrode, and gold- or
platinum-coated AFM tip as a second electrode, and each of
the coiled-coil protein monolayers as amolecular bridge (Figure
7). Asymmetric current—voltage relations are observed for both
PC and PN, resulting in rectifying behavior, but with opposite
polarity. This behavior results from the proteins' molecular
dipole. Since al of the proteins are uniformly oriented between
the two electrodes (roughly 50 protein molecules in the junction
for each measurement), their overall contribution to the observed
current is similar. Thus, for positive potential, for which the
external electric field is in the opposite direction to the field of
the internal dipole of PC, the layer acts as a barrier for electron
transfer and a small current is obtained. However, when the
external and internal fields are in the same direction (for negative
biases) larger currents are obtained with superlinear dependence
on the external potential. Thisisin agreement with the results
obtained by Sek at al. for a-helix peptides.® The opposite
phenomenon takes place for PN because of the inversion of
the direction of the molecular dipole, resulting in larger current
for positive biases. The rectification ratio, defined as R =
|(I(Vapp = 0.5V))/(I(Vapp = —0.5V))|, was found to be 0.27
and 1.7 for PC and PN, respectively, in the range of rectification
values obtained with similar systems.**3"*8 Qverall, the recti-
fication is smaller than expected from the molecular dipole
magnitude, probably due to depolarization effects in the
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monolayer as also observed by the CPD results (Figure 4).
Interestingly, the rectification is larger for PC, due possibly to
additional asymmetry originating in the characteristics of the
contacts, where a S—Au chemical bond isformed at the surface,
while aphysical bond isformed at the tip. Studies of the system
in Au—S-coiled coil —S—Au configuration are currently being
attempted in order to shed light on the role of contact type in
determining the current behavior. The effects of protein
conformation on electron transfer is reflected by the more
symmetric behavior observed for AP (R = 1.2) that possesses
amuch smaller dipole. In this case, for both external potential
polarities electrons are exposed to about the same internal
electric field leading to a similar electron-transfer rate. The
symmetric |-V behavior found for RS (inset to Figure 7, R =
1) further illustrates the role of the protein internal dipole in
determining the rectification behavior. Similar conductivity
experiments with all proteins were carried out in an air-free,
dry, glovebox and resulted in similar behavior suggesting that
humidity does not affect significantly the results. As mentioned
above, the abserved current through the dense monolayers used
inour studiesis probably a summation of the transport through
several tens of moleculesin parallel, since each of the molecules
holds the same orientation with respect to the surface. Further-
more, since the density of the monolayers is similar, the same
averaged amount of molecules is being summed in each of the
samples.

The charge transport behavior observed in these studies may
be different from that observed previoudly for a-helical peptides
bridges. While in our system the current characteristics are
dominated by electron transfer through the protein molecule,
in other cases it was observed to be dominated by the protein/
electrode interface, leading to an opposite rectification behav-
ior. This may be due to the shorter helix lengths used in those
studies. In addition, different conduction mechanisms through
the peptides are expected since for short peptides superexchange
mechanisms dominate charge transfer, while for longer peptides
long-range hoping mechanisms are involved. Furthermore, the
conduction mechanism in our system is more complex, as there
are at list two different channels of electron transfer through
the two different helices comprising the coiled coil.

Conclusions

We have introduced the use of artificial coiled-coil proteins
with variable conformations as components of molecular
electronic devices. The proteins were assembled with predefined
physical orientation and stabilized in a parallel or antiparallel
supersecondary structure. Once bound to the surface, their
molecular dipole modulated the work function of gold electrodes
in two incremental steps (of ~130 mV). Moreover, the protein
conformations affected the | -V characteristics of their molecular
bridges, producing either rectifying or nonrectifying (ohmic like)
behavior, with the orientation of the molecule determining the
rectification polarity. The described modular system can provide
new insights into unresolved issues in the phenomenon of
electron transport through proteins. In addition, the structural
versatility embedded in the coil coiled structures, which is the
reason for their diverse functionality in nature, offers ample of
options for future design of artificial molecular electronic devices
with tailor-made properties. For example, the addition of
appropriate solvent exposed side chains can be used to get better
conductivity. Finally, the ability of coiled-coil proteins, aswell
as other systems, to undergo major dynamic conformational

changes might be used in the future for controlling the molecular
junction electronic behavior in situ.

Experimental Methods

Peptide Synthesis and Char acterization. Monomeric peptides
were prepared by Fmoc-based solid-phase synthesis on a Rink
Amide MBHA resin, at 0.1 mmol scale. Amino acids (0.4 mmol)
were attached sequentially using 2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU, 0.4 mmol) as
coupling reagent and diisopropylethylamine (DIEA, 2 mmol) as
base. Typical coupling times varied between 0.5 and 2 h. Cleavage
of the peptides from the resin and global deprotection were then
performed in a TFA/TIS/H,O/EDT (95:2.5:1.5:1 ratio) mixture for
at least 2 h at room temperature. Most of the TFA was removed
by evaporation, and the crude peptide was precipitated with cold
diethyl ether and extracted after centrifugation.

The peptides were purified by reversed-phase preparative HPLC
(Thermo Spectra Physics) using a C18 column and a linear water/
acetonitrile gradient containing 0.1% TFA. The purity of the
peptides was checked by analytical HPLC (Dionex 1100), using a
C18 column and alinear water/acetonitrile gradient containing 0.1%
TFA. Only samples with 95% purity or higher were used for further
analysis in solution or on gold surfaces. The molecular weights of
the resulted peptides were verified by mass spectrometry, either
on MALDI-TOF (reflex 1V Bruker Daltonics; o-cyanohydroxy-
cinnamic acid as ionization matrix) or LCMS (ESI, Thermo
Surveyor 355). In all cases, masses of the calculated molecular
weight + 2 units were obtained.

Coiled-Coil Formation and Characterization. Stock solutions
of the monomeric peptides (500—1000 «M) in phosphate buffer at
pH 7.2 were prepared. The dimers were formed by mixing
equimolar amounts of the corresponding monomers and diluting
with the buffer if necessary. The resulting mixtures (200—500 «M)
were stirred in open air for at least 30 min. The expected dimers
were obtained in al cases in good yield, as verified by post-
separation by HPLC and LCM S analysis (see Figure 2). The product
mixtures were used as is for further analysis.

The formation of the supersecondary coiled-coil structure was
evidenced from CD measurements (JASCO-815 CD spectrometer).
The CD spectra of 200—500 uM solutions of the preformed
complexes were recorded at room temperature in phosphate buffer
at pH 7.2 and 100 mM KCI. Data presented is the average of three
scans collected with 0.1 nm intervals from 250 to 200 nm.

Adsor ption on Gold Surfaces. Gold samples were first cleaned
in methanol and acetone ultrasonic bath for 20 min. After drying,
the samples were placed in an ozonator (PCD-UVT, Novascan,
USA) for 30 min and immersed in EtOH (HPLC grade) for 20
min for remova of oxide layer. The clean samples were then
immersed in 500 uM solutions of the preformed dimeric proteins
in phosphate buffer at pH 7.2 overnight. The samples were rinsed
to remove excess of proteins by dipping three timesin water (TDW)
and then drying under nitrogen flow.

Surface coverage due to protein adsorption was estimated by
the removal the protein layers by immersing the protein-covered
gold dlides in agueous solution of the small-molecule thiol
B-mercapto ethanol overnight. The excess of -mercapto ethanol
was removed by washing the aqueous solution with diethyl ether,
and the water was evaporated to dryness. The leftover coiled-cail
proteins were redissolved in a known amount of water (typically
50 uL) and injected to the HPLC. Quantitative analysis of the
amount of monomeric proteins was done using arelevant calibration
curve. Thetotal amounts of protein molecules and the area of gold
surfaces were used to calculate the area per molecule in A2
Repeating the experiments allowed us to cal cul ate the experimental
errors of this method to be up to +20%.

Layer thickness was monitored by ellipsometry (SE800, Sentech
Instruments GmbH, Germany) using 1.46 for the refraction index.
The incident light was produced by a xenon arc lamp (XBO) .The
spectral range was between 400 and 820 nm, with a spectral
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resolution of about 0.6 nm (nearly 700 Del/Psi pairs in each
measurement). The incident angle of the light was set at 70°. The
values given for each monolayer reflect an average of four different
samples, with at least three measurements on each sample. Surface
roughness was neglected. Additional thickness measurements were
obtained by “shaving” experiments using AFM (Solver Pro, NT-
MDT, Ru). In these experiments, local removal of the monolayers
was obtained by scanning an AFM tip over the surface applying a
large force (tens of nN). A larger area was then scanned with a
minimal force in tapping mode, and the thickness of the monolayers
was directly obtained by averaging differences in heights between
the “shaved” and “unshaved” areas. Control experiments on bare
gold samples indicated that this procedure does not remove gold
atoms from the surface.

Adsor ption on Gold Colloids. Solutions of 330 uM preformed
coiled-coil proteinsin phosphate buffer at pH 7.2 were prepared,
mixed with a suspension of ~0.2 «M gold colloids (custom-made,
average diameter 5 nm), and gently stirred at 4 °C overnight. The
unbound protein molecules were removed, and the protein-coated
colloids were isolated by three cycles of washing, centrifugation,
and solvent decantation. Characterization of the secondary structure
of the adsorbed proteins was done by recording the CD spectra of
the protein coated colloids at room temperature. The CD spectra
presented is the average of three independent scans collected with
0.1 nm intervals from 250 to 200 nm. The CD of the last wash
supernatant indicated no presence of proteins in the solution.

Protein Patterning by Microcontact Printing. PDMS stamps
prepared from molds with stripes pattern (5 gm width, 10 um
period) were used. Immediately before stamping, each stamp was
treated in an ozonator for 20 min, washed with ethanol, and
immersed in a peptide solution for about 10 s, followed by drying
under nitrogen flow. Printing was achieved by pressing the stamp
onto gold surfaces (cleaned as described above) for about 10 s,
followed by rinsing in TDW and drying under nitrogen flow.

CPD Measurements. SAMs of the proteins on gold were
prepared as described above. Samples were mounted in a dark,
grounded, Faraday cage. CPD values were acquired, after equilibra-
tion in the dark for afew minutes, using the Kelvin probe technique
(Besocke-Delta-Phi, Julich, DE). Two to four samples were
measured for each SAM with five repeated recordings for each
sample.
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For high-resolution measurements, images of surface potential
were acquired in a lift-off mode (Solver Pro, NT-MDT, Ru).
Samples were mounted on AFM disks using colloidal silver glue,
applied through the edges to the top gold layer in order to ensure
electrical contact. Measurements were done using gold-coated
silicon tips (NSGOV/Au, NT-MDT, Ru). Images were processed
by aline-by-linefirst-order flattening process. The CPD signal was
obtained by taking the minus of the obtained surface potential signal.
A constant value was reduced from all images so that the bright
areas of the sample (bare gold) reflect the zero CPD value.

Molecular Junctions. Current—Voltage Relations. |-V curves
were obtained in atwo-point configuration on SAMs of the proteins
using the AFM apparatus, with gold- or platinum-coated AFM tips
(NSGOV/Au, NT-MDT, Ru, or Pt coated ElectroCont-G, Budget
Sensors, Bulgaria) as one electrode and the gold surface as a second
electrode. The use of both Pt and Au as tip coatings resulted in
similar results. Prior to the measurements, the surface was scanned
in tapping mode to ensure the formation of a smooth monolayer.
The AFM was then switched to contact mode and |-V curves were
acquired on a predefined matrix of points (100—900 measurement
points in each measured matrix) with the tip grounded and the
voltage applied to the sample (see the inset to Figure 7). Forces
applied during |-V acquisitions were between 30 and 40 nN
(smaller forces of about 3—10 nN were used for the measurements
of the reference molecule RS). Measurements were acquired both
in air and in a nitrogen-filled glovebox with ~1 ppm of oxygen
and water (Mbraun, Stratham, NH). No significant differences were
observed. The measurements in each matrix were screened to
remove curves in which no current was observed for the entire
voltage range, highly noisy measurements, or measurements that
showed significantly abnormal behavior. The remaining measure-
ments were then averaged.
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